Aim: To investigate the clinical utility of interleukin-6 (IL-6), procalcitonin (PCT), and C-reactive protein (CRP) as predictive markers in consideration of the time-course changes in critically ill patients with organ dysfunction. Results: There were significant differences in the maximum serum levels of IL-6 and PCT among the three SOFA score groups (IL-6, P < 0.0001; PCT, P = 0.0004). Specifically, comparisons between the groups revealed significant differences in IL-6 levels (low versus intermediate, P = 0.0007; intermediate versus high, P = 0.0010). The probability of patients with the maximum value was greatest on day 1 (56.5%) for IL-6, on day 1 (39.1%) or day 2 (38.0%) for PCT, on day 3 (39.1%) for CRP, and on day 1 (43.5%) for SOFA score. The median (interquartile range) peak day of IL-6 was day 1 (1-2), which was significantly earlier than that of SOFA score at day 2 (1-3) (P = 0.018).
INTRODUCTION

H
UMORAL MEDIATOR PRODUCTION by innate immunity, following recognition of a pathogen or damage-associated molecular patterns, is a key pathophysiological component of critically ill patients with systematic inflammatory response syndrome (SIRS), such as sepsis. 1, 2 Excessive production of humoral mediators, such as cytokines, can result in organ dysfunction, increasing illness severity and leading to worse outcomes in the intensive care unit (ICU). 3 Early identification and treatment of sepsis have been the hallmark quality improvement efforts associated with improved survival in critically ill patients. The updated sepsis definition (Sepsis-3) highlights acute organ dysfunction rather than SIRS. 4 Interleukin-6 (IL-6), a well-known cytokine that increases in the early phase of acute illness, may reflect the severity of illness or clinical outcomes in patients with SIRS. 5, 6 Procalcitonin (PCT), a known biomarker of infection, is also an indicator of septic organ dysfunction. 7 C-reactive protein (CRP) is often measured in acute clinical settings. 8 Investigation of biomarkers in critically ill patients with organ dysfunction may contribute to the early recognition of high-risk patients in order to improve clinical outcomes.
Studies have indicated the utility of severity scores for acute/critical care, such as the Acute Physiology and Chronic Health Evaluation (APACHE) II score and the Sequential Organ Failure Assessment (SOFA) score. 9 However, multiple laboratory tests and medical history are necessary to calculate severity scores, and this is a barrier to their routine utilization in the early phase of acute care. Conversely, a biomarker measurement requires a single laboratory test, which is simple and rapid. Following an insult, such as infection, biomarker levels change according to different time-courses. 10, 11 Understanding these timecourses is essential for effective biomarker utilization. At present, there are insufficient studies on the time-course changes of IL-6, PCT, and CRP.
In this study, we hypothesized that serum levels of IL-6, PCT, or CRP reflected the SOFA score in critically ill patients. We undertook serial measurements of serum levels in patients with organ dysfunction and examined differences in serum levels according to the severity of organ dysfunction, time-course changes, and the association within each biomarker, in order to evaluate their clinical utility.
METHODS
Patients
T HE CURRENT OBSERVATIONAL study was prospectively carried out. Patients admitted to the surgical/medical ICU at Chiba University Hospital (Chiba, Japan) between February 2012 and July 2013 were screened. The study included adult (≥18 years of age) critically ill patients who satisfied the following criteria consecutively during the study period: (i) ICU admission; (ii) diagnosis of SIRS according to the American College of Chest Physicians/ Society of Critical Care Medicine (ACCP/SCCM) 2 criteria on ICU admission; (iii) predicted duration of ICU stay >4 days; and (iv) new organ dysfunction according to the Brussels criteria (SOFA score ≥2) 12 on ICU admission. In the evaluation of the precise time-course of the biomarker kinetics, we limited our analysis only to the patients with an obvious onset of insult (trauma, infection, cardiac arrest, acute pancreatitis, and burn) occurring within 24 h of the day 1 serum sample collection to exclude the impact of the treatment for biomarkers. We then evaluated the ratio of the biomarker values to the maximum value over the first 5 days.
Measurements
Serum levels of IL-6, PCT, and CRP were measured in clinical laboratories at Chiba University Hospital, as routine laboratory measurements within 2 h of collection, using rapid measurement systems (PCT and IL-6, Roche Diagnostics, Tokyo, Japan; CRP, DENKA SEIKEN Co. Ltd., Tokyo, Japan). The measurement systems require <20 min for the measurement of IL-6, PCT, and CRP levels. In this study, we defined the early phase of acute illness as the first 5 days from the ICU admission (day of ICU admission is day 1) and biomarker values were observed during this period. Blood samples were collected on ICU admission as a day 1 sample, then measured daily at 6 AM on days 2-5 of the ICU stay. Biomarkers and SOFA score were also measured when patients survived and discharged from the ICU less than 5 days. The patients who died within 5 days in the ICU were observed and recorded as long as possible.
Data collection and definition
The SOFA score was calculated on ICU admission and serially every day until day 5. Maximum SOFA score and maximum serum levels of IL-6, PCT, and CRP were defined by the highest value over days 1-5. We defined the day when the SOFA score or biomarker reached its maximum value as a peak day. Patients were assigned to three groups, according to the maximum SOFA score: low SOFA (≤8), intermediate SOFA (>8 and ≤16), and high SOFA (>16 and ≤24) group. The APACHE II score was recorded on ICU admission. We assigned the Glasgow Coma Scale score at nonsedative state to the patients who were sedated on scoring to avoid incorrectly high scores.
Sepsis was defined as the presence of SIRS induced by infection, according to the ACCP/SCCM criteria. 2 Severe sepsis was defined as the presence of sepsis with new organ dysfunction involving at least one organ; septic shock was defined as sepsis with hypotension despite adequate fluid resuscitation, requiring vasopressor support (Sepsis-2). 13 
Approval of research protocol and informed consent
The protocol for this research project was approved by a suitably constituted Ethics Committee of Chiba University Graduate School of Medicine Institutional Review Board (Approval No. 1286) and conformed to the provisions of the Declaration of Helsinki. Informed consent was obtained from the subjects and/or guardians.
Outcomes
The primary outcomes were relationship between maximum levels of biomarkers (IL-6, PCT, and CRP) and severity of maximum SOFA score (low, intermediate, and high) during the first 5 days from ICU admission. The secondary outcomes were the peak day of SOFA score and biomarkers, time-course changes of each biomarker from the insult, and the association among the maximum value of biomarkers.
Statistical analysis
The relationship between maximum levels of biomarkers and the SOFA score was analyzed using the Kruskal-Wallis with Steel's post hoc test. The peak day of SOFA score and biomarkers were compared using Wilcoxon's signed-rank test. The associations among the biomarkers were analyzed using linear regression and expressed as Pearson's correlation coefficient. Serum levels of IL-6 and PCT were log transformed to achieve a normal distribution for this correlation analysis. Data are expressed as median (interquartile range [IQR]) for continuous variables. Two-tailed P-values <0.05 were considered significant. Analyses were carried out using JMP Pro 12 (SAS Institute Inc., Cary, NC, USA) statistical software.
RESULTS
I
N THE STUDY period, 2,749 patients were admitted to the ICU. One hundred and two patients were excluded by their age (<18 years). Of these, 100 SIRS patients who were predicted to stay >4 days were enrolled. Of these, 95 patients presented new organ dysfunction. After exclusion of three ineligible patients (two cases had missing data, one patient without SIRS was enrolled incorrectly), 92 adult ICU patients with organ dysfunction were analyzed (Fig. 1) .
The median SOFA score on admission was 10 (IQR 7-14) and 90-day mortality was 17.4% (Table 1) . Serial measurements showed that the highest levels of IL-6, PCT, and CRP were reached on different days (day 1 for IL-6 [953 pg/mL], day 2 for PCT [9.28 ng/mL], and day 3 for CRP [18.6 mg/dL]). The probability of patients with the maximum value was greatest on day 1 for IL-6 (56.5%), on day 1 or 2 for PCT (39.1 or 38.0%), on day 3 for CRP (39.1%), and on day 1 for SOFA score (43.5%). The median peak day of SOFA score was day 2 (IQR 1-3), IL-6 day 1 (IQR 1-2), PCT day 2 (IQR 1-2), and CRP day 3 (IQR 2-3). In the comparison of the peak day between SOFA score and biomarkers, IL-6 presented with a significantly earlier peak day than SOFA score (P = 0.0180) ( Table 2) .
For the primary analysis of the relationship between biomarkers and severity of organ dysfunction, there were significant differences in serum levels of IL-6 and PCT among the low, intermediate, and high SOFA score group, although no difference was observed in CRP levels (low versus intermediate versus high: IL-6, P < 0.0001; PCT, P = 0.0004; CRP, P = 0.28) (Fig. 2) . In post hoc pairwise comparison, there were significant differences in IL-6 levels between each group (low versus intermediate, P = 0.0007; intermediate versus high, P = 0.0010). There were significant differences in PCT levels between the low and intermediate group but not between the intermediate and high group (low versus intermediate, P = 0.0018; intermediate versus high, P = 0.25) (Fig. 2) .
In the evaluation of the time-course of the biomarker kinetics, 37 patients were chosen as patients with an obvious onset of insult. These patients had the highest ratio of IL-6 on day 1, PCT on day 2, and CRP on day 3 (Fig. 3) .
In the association analysis of the maximum value of biomarkers, we revealed significant correlations between IL-6 and PCT (r = 0.58, P < 0.0001), and between PCT and CRP (r = 0.43, P < 0.0001) (Fig. 4) .
DISCUSSION
I
N THE PRESENT study, we compared serum levels of IL-6, PCT, and CRP, in three groups of critically ill patients, stratified according to the SOFA score for the analysis of primary outcome. Of the three biomarkers, only IL-6 identified three different degrees of severity of organ dysfunction, according to the SOFA score. The peak day of IL-6 was significantly earlier than SOFA score. In the analysis of time-course changes, the highest biomarker values were frequently found on day 1 for IL-6 and the SOFA score, day 2 for PCT, and Day 3 for CRP. Fig. 1 . Flow diagram of patient recruitment to this study. During the study period, 2,749 patients were admitted to the intensive care unit (ICU) and 102 were excluded due to age (<18 years). One hundred patients with systematic inflammatory response syndrome (SIRS) whose predicted length of stay (LOS) in the ICU was >4 days were enrolled. Ninety five patients had a Sequential Organ Failure Assessment (SOFA) score ≥2. After exclusion of three ineligible patients, 92 patients were analyzed.
We found significant differences in IL-6 levels according to the three severity groups (low versus intermediate versus . This was consistent with the positive correlations between IL-6 levels and severity scores, such as SOFA scores and APACHE II scores, observed in critically ill patients. 5, 14, 15 Initial levels of IL-6 in post-cardiac arrest patients were likely to reflect SOFA scores more closely, compared to PCT or CRP. 6 We did not find any differences between CRP levels SOFA score-based severity groups, which corroborates previous findings of no significant relationship between SOFA score and CRP in septic patients. 16 In PCT levels, post hoc pairwise analysis did not reveal significant difference between the intermediate and high SOFA score groups. Procalcitonin has been used widely as a biomarker of bacterial infection. 17 However, previous studies reported PCT was not an indicator of organ dysfunction, 18 particularly in the severe patient group, which could explain our result. Thus, IL-6 may more accurately identify organ dysfunction severity than PCT or CRP.
The median (IQR) peak day was day 1 (1-2) in IL-6, day 2 (1-2) in PCT, day 3 (2-3) in CRP, and day 2 (1-3) in SOFA score. The peak day in IL-6 was significantly earlier than that in the SOFA score. Interleukin-6 began to increase 1 h after the insult and then reach a peak after approximately 3-6 h. 19, 20 Procalcitonin started to rise 3-4 h after the insult and peaked at 24 h.
11,20 C-reactive protein elevated at 4-6 h and peaked at 24-50 h. 11, 21 Consistent with previous findings, we reaffirmed that IL-6 is the earliest of these Data are expressed as median (interquartile range) and number (percentage). CRP, C-reactive protein; IL-6, interleukin-6; Maximum, maximum value during initial 5 days; PCT, procalcitonin; Peak day, the day when SOFA score or biomarkers reached its maximum value.
biomarkers to elevate and its median peak day was day 1 (1-2), which was significantly earlier than that of the SOFA score at day 2 (1-3) in the present study. Combined with the primary analysis, IL-6 may predict severity of organ dysfunction earlier than SOFA score most accurately of the studied biomarkers. Our results suggested that identifying the peak IL-6 reflected the severity of organ dysfunction. Therefore, sequential measurement of IL-6 from ICU admission to its peak-out, combined with SOFA score, would help to identify the peak accurately, and it may be a good approach in clinical practice in critically ill patients.
In the analysis of the correlations between biomarkers, PCT significantly correlated with IL-6 and CRP. Both PCT P-values were calculated using Kruskal-Wallis with Steel's post hoc test. *P < 0.01. n.s., not significant. Fig. 3 . Time-course of serum interleukin-6 (IL-6), procalcitonin (PCT), and C-reactive protein (CRP) in patients with obvious insult onset. Ratio to maximum value of IL-6, PCT, and CRP were calculated in patients with obvious insult onset and initial sample collected within 24 h after the insult. Patients had highest ratio of IL-6 on day 1, PCT on day 2, and CRP on day 3. Data are median and interquartile range. Fig. 4 . Correlation among serum interleukin-6 (IL-6), procalcitonin (PCT), and C-reactive protein (CRP) in critically ill patients with organ dysfunction. Pearson correlation coefficient was calculated with the use of log-transformed IL-6 and PCT, and CRP.
and IL-6 are produced by a broad range of cells, 22, 23 whereas CRP is largely produced in the liver. 21 Interleukin-6 induces production of both PCT and CRP. 21, 24 These production sites and common pathways might affect correlations.
This study has several limitations. First, the number of studied patients and enrolled etiologies were limited. We screened the patients consecutively then consequently observed five type etiologies and only 16 non-survivors at 90 days after admission. This could be a selection bias, and we did not analyze associations between survival and biomarkers. Second, the facility at which the study was carried out has used IL-6 and other biomarkers in the diagnosis and confirmation of treatment response of critically ill patients in daily practice. The results of biomarkers were not blinded to medical practitioners; thus, this might affect the survival outcomes and can be a diagnosis or treatment bias. Third, identification of the maximum levels and clinical utility of IL-6 have some uncertainties. Interleukin-6 requires sequential measurement and the level can be inhibited by immunosuppressive drugs such as steroids. Finally, renal replacement therapy may have influenced the level of biomarkers. Despite these limitations, serum IL-6 measurement in the early phase of acute illness might be useful to assess the severity of organ dysfunction earlier than the SOFA score.
CONCLUSION
S ERUM LEVELS OF IL-6 reflected the severity of organ dysfunction in critically ill patients most accurately compared to PCT and CRP. Interleukin-6 elevated soonest following the insult and reached its peak earlier than the SOFA score.
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